We report the observation of phase coherent transport in catalyst-free InAs and InAs1−xSbx nanowires grown by molecular beam epitaxy on silicon (111) substrates. We investigate three different methods to gain information on the phase coherence length of the nanowires: first through the study of universal conductance fluctuations as a function of both magnetic field and gate voltage and then through localisation effects. The analysis of these different quantum effects gave consistent results and a phase-coherence length in the hundred nanometre range was extracted for all nanowires below 10 K. This demonstrates the potential of catalyst-free nanowires as building blocks for future quantum electronics devices directly integrated with silicon circuits.
I. INTRODUCTION
Semiconductor nanowires have received a considerable interest over the past two decades as prime candidate for a new range of nanoscale building blocks with applications in electronics, photonics, quantum information technology and research in fundamental physics. Nanowires possess major advantages over convential thin film based structures. They can be grown by bottom up self-assembly to ensure a low cost production of high crystal quality devices. In addition, the radial strain relaxation in nanowires allows the growth of heterostructures whose constituent compounds are relatively lattice mismatched, hence providing a distinctive flexibility in terms of material composition. More recently, the growth of semiconductor nanowires without the use of heterocatalytic nanoparticle seeds has been the subject of intense research [1] [2] [3] [4] [5] [6] [7] , motivated by the potential of direct integration of nanowire devices with the established silicon CMOS technology.
In this context, arsenide and antimonide compounds such as InAs and InSb nanowires are of particular interest owing to their outstanding properties including a very high mobility [8] [9] [10] , small effective mass, high spin-orbit coupling [11] and large g-factor [12, 13] which make them suitable for spinrelated applications such as quantum computation or observation of Majorana fermions in semiconductor/superconductor hybrid systems [14] . However, the absence of a heterocatalyst results in the nanowires displaying a large number of defects, as well as polytypism, i.e. uncontrolled axial modulation of the crystal structure between the zinc-blende (cubic) and the wurtzite (hexagonal) polytypes [2, 6] , which in turn leads to a reduction of the electron mobility [15] . In a previous work, we investigated an approach to reduce the defect density in catalyst-free InAs nanowires via the incorporation of antimony during the growth [16] . The antimony incorporation suppresses the hexagonal phase and reduces the stacking fault density by up to one order of magnitude, resulting in a large increase in the electron mobility above that of pure InAs nanowires. For the development of future quantum electronic devices based on catalyst-free nanowires, it is of major importance to ensure that phase-coherent transport can be maintained over the length of the devices. Therefore, here we investigate the presence of phase coherent transport in catalyst-free InAs and InAs 1−x Sb x nanowires and estimate the phase coherence length in these nanowires.
At cryogenic temperatures, the transport properties of nanostructures become affected by quantum electron interference effects such as universal conductance fluctuations and localisation effects. Phase coherent transport can be observed when the dimensions of the structure are comparable to the phase coherence length l Φ over which the phase coherence of the electrons is maintained. Owing to their small dimensions, semiconductor nanowires therefore constitute appropriate systems for the observation of fundamental quantum effects. In phase-coherent mesoscopic devices presenting a large number of electron channels, the conductance exhibits oscillations as a function of external parameters such as magnetic field or gate voltage. When travelling through the device, an electron is scattered many times and can acquire various phases corresponding to the different possible paths. The interference of the possible electron waves leads to a correction of the conductance. By varying the interference conditions, e.g. via the magnetic field or gate voltage as described below, it is possible to tune this correction therefore giving rise to universal conductance fluctuations (UCFs). UCFs have been observed in carbon nanotubes [17] and in various types of semiconductor nanowires including InAs [18] [19] [20] , InN [21] [22] [23] , InSb [24, 25] , GaN [26] and indium tin oxide [27] . Another type of electron interference phenomenon is localisation. Weak localisation (WL) is due to the contribution of time-reversed electron paths to the quantum backscattering amplitude, giving rise to constructive interference and to a decrease of the conductance. In the presence of a magnetic field, electron waves following time-reversed paths acquire different phase shifts leading to a suppression of the conductance correction. A characteristic signature of the WL effect is therefore a positive differential magnetoconductance. Conversely, in the presence of strong spin-orbit coupling, the interference is destructive at zero field which leads to an increase of the conductance known as weak anti-localisation (WAL) effect.
Here, we investigate whether phase-coherent transport can be maintained in catalyst-free InAs and InAs 1−x Sb x nanowires and compare three different techniques to obtain information on the phase coherence length l Φ from the study of electron interference effects at low temperature. We analyse aperiodic universal conductance fluctuations observed first by varying the magnetic field and then by changing the Fermi energy via the modulation of a back-gate voltage. Finally, we study the weak anti-localisation effect which can be clearly distinguished from the conductance fluctuations by averaging the magnetoconductance at different gate voltages. A phase coherence length in the hundred nanometre range is observed for all nanowires below 10 K. This is similar to the value obtained for Au-catalysed InAs nanowires. This demonstrates the potential of catalyst-free nanowires for future quantum electronic devices.
II. EXPERIMENTAL DETAILS
The study of coherent electron transport was performed on InAs and InAs 0.85 Sb 0.15 nanowires grown by molecular beam epitaxy via a catalyst-free process, as described in a previous work [16] . Table I shows the average dimensions and electrical characteristics (extracted from field-effect measurements [16] ) of the studied groups of nanowires. The mobility of the InAs 0.85 Sb 0.15 nanowires is significantly higher than that of the InAs nanowires. Conversely, the InAs nanowires present a higher carrier concentration. The distribution of polytypes and defects in the nanowires was quantified through high-resolution TEM [16] . The InAs nanowires exhibit a mixture of wurtzite and zincblende structures with a dominant wurtzite polytype (83% of wurtzite polytype on average) and a high density of stacking faults (SF): 360 SF per micrometer. In contrast, the InAs 0.85 Sb 0.15 nanowires display an almost pure zinc-blende phase (∼ 99%) and a density of stacking faults reduced by one order of magnitude (35 SF per micrometer).
Electron beam lithography was used to attach metallic contacts (a bilayer of 3 nm Nb and 100 nm Au) on the nanowires. The separation between the two contacts varied from 200 to 600 nm. All contacts had a fixed width of 250 nm. Before the deposition of the contacts by sputtering, the contact area of the InAs and InAs 0.85 Sb 0.15 nanowires was argon milled to remove the native oxide layer and ensure transparent contacts [28] . Figure 1c shows a typical nanowire device. Electrical characterisations were carried out by using a Keithley 4200-SCS semiconductor characterisation system. The drain-source voltage V ds was fixed to 100 µV for all nanowires. Low temperature magnetoconductance measurements were performed in a Physical Properties Measurement System (PPMS) manufactured by Quantum Design, allowing the control of magnetic fields up to ±13 T and a temperature range of 0.5 -400 K. Measurements of the conductance were typically taken every 10 to 20 mT. The contribution of the noise due to the measurement system was estimated to correspond to an uncertainty of less than 5% in the determination of the phase coherence length l Φ .
III. CONDUCTANCE FLUCTUATIONS: MAGNETIC FIELD
Information on the electron phase coherence length can be gained from the study of universal conductance fluctuations as a function of magnetic field or back-gate voltage. At low temperature, we find that the resistance R of a nanowire in a magnetic field applied perpendicular to its axis fluctuates upon variation of the magnetic field value. The extraction of the magnetoconductance G B = 1/R shows that the amplitude of the fluctuations is on the order of e 2 /h, as seen in Figure 1a . The magnetoconductance is typically symmetric upon field reversal for two-point measurements [29, 30] . The conductance fluctuations are are reproducible on a given sample, two macroscopically identical samples (i.e. of the same dimensions and material) will not give the same fluctuation pattern as the correction to the conductance depends on the precise arrangement of the scattering centres in the sample which determine the possible paths for the electrons.
The relative amplitude of the fluctuations can be studied by calculating the root mean square of the conductance: rms(G B ) = var(G B ) where the variance is defined by var(x) = (x − x ) 2 and ... is an average over the magnetic field. The electron phase coherence length l Φ can be extracted from the correlation field B c which quantifies the field scale above which the phase of the electrons has been randomised. B c corresponds to the magnetic field at the half maximum of the autocorrelation function F of the magnetoconductance:
with ∆B a lag parameter in the magnetic field [31] . Figure 1b shows normalised autocorrelation functions from which is extracted B c . Following a semi-classical approach, the correlation field B c is inversely proportional to the maximum phase-coherently enclosed area A perpendicular to the field:
where Φ 0 = h/e is the magnetic flux quantum and γ is a coefficient of order 1 which is estimated experimentally. For sufficiently low temperatures, the phase coherence length can exceed the contact separation L. In this case, for a magnetic field applied perpendicularly to the nanowire axis, we have A = Ld where d is the nanowire diameter. B c reaches a saturation point B c,sat with respect to temperature, allowing the extraction of the γ coefficient:
and the phase coherence length l Φ is extracted by using
To get an estimation of γ, the temperaturedependence of conductance fluctuations was studied on a nanowire with a short contact separation. decrease. Figure 2c shows the correlation field B c as a function of temperature. Following a trend similar to rms(G B ), B c exhibits a constant value of B c,sat ∼ 0.14 T up to a temperature of 2 K and then follows a T 0.22 increase. The presence of both the constant rms(G B ) and B c demonstrates that the phase coherence length exceeds the contact separation below 2 K. This gives a value of 1.1 for the γ coefficient which will be used in the following to estimate the phase coherence length of the nanowires. This value is consistent with the 0.95 -2.0 range reported in the literature for InAs nanowires [32] [33] [34] .
The phase coherence length was extracted for a series of InAs and InAs 0.85 Sb 0.15 nanowires. The results corresponding to some of the studied nanowires are summarised in Table II . At 2 K, B c varies from 0.12 to 0.28 T from one sample to another. This corresponds to phase coherence lengths in the 240 -300 nm range for the InAs nanowires and in the 135 -210 nm range for the InAs 0.85 Sb 0.15 nanowires, which is similar to typical values reported in the literature for III-V semiconductor nanowires [24, 35] and for Aucatalysed InAs nanowires [18] . We note that despite their major structural differences, the phase coherence length is of the same order for both InAs and InAs 0.85 Sb 0.15 nanowires. This can be explained by the fact that rigid scatterers do not contribute to the loss of phase coherence [36] . In semiconductor nanowires at low temperature the decoherence mainly originates from electron-electron interactions. The phase coherence length is therefore expected to increase with the carrier density due to an increasing screening of the Coulomb interaction at higher carrier concentrations [37] . As seen in Table I , the carrier concentration is higher for InAs nanowires than for InAs 0.85 Sb 0.15 nanowires, which may explain the slightly longer coherence length measured in the InAs nanowires.
IV. CONDUCTANCE FLUCTUATIONS: GATE VOLTAGE
Gate voltage-dependent measurements constitute an alternative way to observe universal conductance fluctuations. A change in gate voltage V g leads to a variation of the electron Fermi energy which is equivalent to a re-arrangement in energy of the scattering centres. This causes electrons to travel through differ- Figure 3a for a range of temperatures. Following the general n-type semiconductor behaviour, the average conductance increased as a function of gate voltage due to the change in electron concentration. To isolate the conductance fluctuations from this macroscopic effect, the slowly varying background was estimated by a second-order polynomial fit [18] and then subtracted from the raw data to obtain the conductance oscillations δG(V g ) presented in Figure 3a . As a comparison, conductance fluctuations obtained for a magnetic field sweep (perpendicular orientation) on the same nanowire at zero gate voltage are displayed in Figure 3b . In both cases, the amplitude of the fluctuations is on the order of e 2 /h and decreases with increasing temperature as illustrated in Figure 3c . The decrease of rms(G B ) and rms(G Vg ) is proportional to T −0.68 and T −0.49 respectively. Similarly to the magnetoconductance measurements, the electron phase coherence length can be determined from the correlation voltage V c which quantifies the voltage scale above which the change of the Fermi energy is large enough to give rise to an uncorrelated value of the conductance [31] . V c is the voltage obtained at the half maximum of the autocorrelation function of the conductance δG(V g ). An estimation for l Φ as a function of the correlation voltage V c was developed by Petersen et al. [22] for InN nanowires presenting a two-dimensional accumulation layer at the surface. By adapting this estimation to InAs and InAs 1−x Sb x nanowires presenting three-dimensional transport, we obtain:
Here is the reduced Planck constant, m * is the electron effective mass, D is the diffusion length, n 3d is the carrier concentration of the nanowire and V th is the threshold voltage, extracted from field-effect measurements. When V c V th , this simplifies into:
where µ is the electron mobility, also extracted from field-effect measurements. As seen in Figure 3d , both the correlation field B c and the correlation voltage V c increase as a function of temperature which corresponds to a decrease of the phase coherence length l Φ . It should be noted that the temperature-dependent decays of l Φ obtained by either magnetic field measurements or gate voltage measurements are very similar, as shown in Figure 3e . At 2 K, we obtain l Φ,B = 210 nm for the B sweep and l Φ,Vg = 170 nm for the V g sweep. These values are in relatively good agreement given the uncertainty in the determination of both l Φ,B (due to the estimation of the γ coefficient) and l Φ,Vg (due to the relatively short separation between the contacts to the nanowire which could lead to an underestimation of the electron mobility [38] ). Magnetic field measurements and gate voltage measurements therefore appear to be two consistent approaches for the extraction of the phase coherence length. 
V. LOCALISATION EFFECTS
The analysis of localisation effects, such as weak localisation (WL) or weak anti-localisation (WAL), represents an additional approach to gain information on the phase coherence length. However, the presence of universal conductance fluctuations in single nanowires may prevent the observation of these effects. Two different methods to reveal distinguishable localisation features in semiconductor nanowires have been reported. The first one is to connect several nanowires in parallel in order to attenuate the conductance fluctuation amplitude [19, 21] . The second one, investigated here, consists of smoothing the fluctuations by averaging the magnetoconductance of a single nanowire measured at different fixed backgate voltages [21] . This method requires that l Φ be independent of V g .
A set of magnetoconductance measurements was performed on single InAs and InAs 0.85 Sb 0.15 nanowires for fixed back-gate voltages between 0 and 30 V. Figure 4a shows the magnetoconductance measurements for an InAs nanowire at a temperature of 2 K for a selection of gate voltages. The magnetoconductance correction ∆G, as seen in Figure 4b , is obtained after averaging all the single magnetoconductance traces taken at different gate voltages. By comparison with the single magnetoconductance traces, ∆G exhibits a considerable damping of the fluctuations with a decrease of the amplitude by a factor 2.5. However, the fluctuation amplitude of ∆G remains approximately three times higher than the noise level of the measurement system (not shown here). ∆G features a small distinguishable peak at zero magnetic field which represents a possible signature of weak anti-localisation due to the presence of spin-orbit coupling, as investigated below. The correlation field was extracted for each magnetoconductance trace to study the dependence of the phase coherence length on the gate voltage V g . As illustrated in Figure 4c , l Φ remains stable over the whole range of measurements and appears to be independent (to within the accuracy of measurement) of the applied gate voltage. This experiment was repeated on several InAs and InAs 0.85 Sb 0.15 nanowire devices. For each nanowire, the value of l Φ was found to be independent of V g .
From the average mobility and carrier concentration given in Table I , we estimate the elastic mean free path l m of the nanowires to be in the range 20 -50 nm at the investigated temperature of 2 K. The diameter d of all studied nanowires being larger than 95 nm, we can consider that the nanowire samples are in the "dirty" limit of the diffusive regime (i.e. l m < d). The averaged magnetoconductance correction should therefore follow [39] [40] [41] :
where G 0 is the value of the magnetoconductance at zero magnetic field, l so is the spin-orbit scattering length and l B is the magnetic relaxation length, the expression for which depends on the orientation of the magnetic field with respect to the nanowire axis: (Figure 5b) . The nanowires have a diameter of 110 nm and 95 nm respectively. Therefore in order to satisfy the condition l M > d, the fitting of the experimental data points to Equation 5 was restricted to small magnetic fields with |B| < 0.05 T for the InAs nanowire (sample E) and |B| < 0.07 T for the InAs 0.85 Sb 0.15 nanowire (sample G). At zero magnetic field, we observe a clear conductance peak due to weak anti-localisation effects. By fitting the experimental data to Equation 5 , it is possible to estimate the values of both l Φ and l so . We extract a phase coherence length l Φ of 195 and 170 nm for the InAs and InAs 0.85 Sb 0.15 nanowires respectively. As a comparison, the values of l Φ obtained via the correlation field from the observation of UCFs were respectively 240 and 210 nm for the same nanowires. Both the WAL model and UCF model describe the phase coherence length reasonably, with a difference of less than 20% between the two models. Although spin-orbit interactions are not the main focus of this analysis, we can also extract spin-relaxation lengths l so of 80 nm and 70 nm for the InAs nanowire and InAs 0.85 Sb 0.15 nanowire respectively. They are in close agreement with values previously reported for InAs nanowires [32, 42] . 
VI. CONCLUSION
We have studied three different quantum interference effects to assess phase-coherent transport in catalyst-free nanowires at cryogenic temperatures and to gain information on the electron phase coherence length l Φ of our InAs and InAs 1−x Sb x nanowires. We first investigated universal conductance fluctuations obtained by varying either the magnetic field or the back-gate voltage. We then observed antilocalisation effects obtained by averaging the magnetoconductance of single nanowires measured at different back-gate voltages. The analysis of these three electron interference effects gave very consistent results with a variation of less than 20% between the models. Despite the relatively high number of defects in the catalyst-free InAs nanowires, we estimated a phase-coherence length in the hundred nanometre range for both InAs and InAs 1−x Sb x nanowires at 2 K which is similar to values obtained for Aucatalysed nanowires. The observation of phase coherent transport in catalyst-free nanowires unlocks new possibilities to exploit coherent phenomena in future nanowire-based quantum electronics directly integrated with silicon CMOS technology.
